We have determined the magnetic properties of single-crystalline Au nanorods in solution using an optically detected magnetic alignment technique. The rods exhibit a large anisotropy in the magnetic volume susceptibility (Á V ). Á V increases with decreasing rod size and increasing aspect ratio and corresponds to an average volume susceptibility ( V ), which is drastically enhanced relative to bulk Au. This high value of V is confirmed by SQUID magnetometry and is temperature independent (between 5 and 300 K). Given this peculiar size, shape, and temperature dependence, we speculate that the enhanced V is the result of orbital magnetism due to mesoscopic electron trajectories within the nanorods.
Bulk Au is a diamagnetic material, i.e., one with a negative volume magnetic susceptibility Au . Recently, it was reported that Au nanoparticles (NPs), with functionalized surfaces, show a broad range of magnetic behavior, ranging from (enhanced) diamagnetic [1, 2] to (super)paramagnetic [3] [4] [5] and even ferromagnetic up to room temperature [6, 7] . The NP size and the type of capping molecules, strongly binding to or weakly interacting with Au, appear to influence the magnetic response. Several explanations were suggested, such as competing magnetic contributions of the NP core and surface [3] , the formation of a magnetic moment due to the exchange of charges at the Au-ligand interface [5, 6, 8] , the creation of large orbital moments due to electron motion within surface clusters [9] , and the occurrence of persistent currents in the Au core [2] . However, so far, the origin of this unexpected magnetism and why it differs strongly between different types of NPs is not yet understood [2, 10, 11] .
We employ a novel magnetic alignment technique to measure the magnetic properties of rod-shaped Au NPs in solution. We focus on relatively large NPs (all dimensions >7 nm) that are single crystalline. The degree of alignment is measured optically, through the magnetic field-induced linear dichroism and birefringence, across the Au surface plasmon resonance (SPR) that arises due to collective oscillation modes of the conduction electrons [12, 13] . We find an enhanced (dia)magnetic behavior, which does not depend on temperature (in the range 5-300 K). We speculate that this enhanced magnetism is an orbital effect, resulting from mesoscopic electron trajectories within the NPs [2, 14] .
The optically detected magnetic alignment technique relies on the anisotropy of both the optical and magnetic properties of the Au nanorods. Because of their shape, the rods exhibit an anisotropic optical response, determined by their longitudinal ( k ) and transverse ( ? ) polarizabilities [15] . Polarized light, therefore, provides a sensitive tool to determine the alignment of rods [16] [17] [18] [19] . In this Letter, rod alignment is induced by a magnetic field (B) because of the difference in the magnetic susceptibility parallel ( k ) and perpendicular ( ? ) to the long rod axis. This leads to an orientational magnetic energy that depends on the angle () of the rod axis relative to the field direction: ÁE m ¼ ÀðÁ V VB 2 cos 2 =2 0 Þ, with Á V ¼ k À ? , V the NP volume, and 0 the magnetic constant. When ÁE m is of the order of the thermal energy k B T, this will result in alignment, which follows a Boltzmann distribution function $ exp½ÀÁE m ðÞ=k B T and which can be characterized by an order parameter S quantifying the degree of alignment. S is positive (negative) for alignment along (perpendicular to) the magnetic field, where jSj / B 2 at low fields (because ÁE m / B 2 ) until it saturates at high fields in the case of complete alignment [15] . By measuring the magnetic field-induced linear dichroism (LD) and linear birefringence (LB), the anisotropy of the magnetic susceptibility Á V is measured (see below). Our optical method permits us to selectively probe the magnetism (Á V ) of isolated Au NPs in solution at concentrations that are orders of magnitude smaller than those required for measurements using a superconducting quantum interference device (SQUID) magnetometer [1, 6, 7] .
A set of 10 colloidal Au nanorod samples was prepared by silver-assisted seed-mediated growth [20, 21] , a method resulting in high quality, single-crystalline [15] , spherically capped cylindrical NPs [22] . By varying both the silver-ion and seed concentrations, the aspect ratio AR and volume V of the nanorods were varied. The rods were coated with either cetyl trimethylammonium bromide (CTAB) or thiolated polyethylene glycol (mPEG-SH, molecular weight 5 kDa) to make them water soluble and to prevent clustering. Each sample was extensively characterized by scanning electron microscopy (SEM) [ Fig. 1(a) ] to determine the average length L, width W, and aspect ratio AR ¼ L=W [ Fig. 1(b) , Table I ]. The NPs used are relatively large (all dimensions in the range of 7-73 nm) but still smaller than or in the range of the mean free path of bulk Au at room temperature ($ 60 nm [23, 24] ). The extinction spectra of aqueous rod solutions exhibit well-defined SPR peaks, consisting of a transversal peak (collective electron motion along W) around 520 nm and a longitudinal peak (collective electron motion along L) that shifts towards longer wavelengths with increasing AR [ Fig. 1 (c)] [12, 13] . The selectivity of our optically detected magnetic alignment technique is caused by this wavelength and orientation dependence of the SPR.
We measure SðBÞ, and thereby Á V , by LD and LB on aqueous Au rod suspensions in an optical cuvette positioned in a 33 T Florida-Bitter magnet. The measured LD signal is given by the difference in the extinction of light polarized parallel and perpendicular to the field direction, given by [15] ÁAðB; Þ ¼ A k À A ? / SðBÞIm½ k ðÞ À ? ðÞ: (1) Similarly, LB measures the difference in the refractive index of light polarized parallel and perpendicular toB, given by [15] ÁnðB; Þ ¼ n k À n ? / SðBÞRe½ k ðÞ À ? ðÞ: (2) We use sample H (Table I) to illustrate the typical results. Figure 2 (a) shows the ÁAðBÞ signal for several wavelengths. All curves display a B 2 dependence up to the highest field used. The up and down sweeps lead to identical curves, without hysteresis, independent of sweep rate and light intensity. The size of the LD signal at 30 T [symbols in Fig. 2 (b)] roughly follows Að0; Þ, shown by the dashed red line. For wavelengths within the longitudinal SPR, the LD signal is positive (A k > A ? ), whereas at the transverse SPR, the signal is negative (A k < A ? ). This clearly demonstrates that the rods align with their long axis along the field.
The LB amplitude at 30 T [symbols in Fig. 2(d) ] changes sign when crossing the SPR maximum, indicating the derivativelike spectrum of the refractive index. The LB signal increases linearly with rod concentration [15] . It proves that the magnetic field induces alignment of isolated rods, without any trace of rod aggregation, up to the highest rod concentrations used. To determine the pure degree of magnetic alignment of the rods, we take into account the wavelength and concentration dependence of the signal by defining the order parameter as SðBÞ ¼ ÁAðB; Þ=ÁA max ðÞ. ÁA max ðÞ is the maximum ÁA at a given wavelength, which is reached in the case of full alignment. For the longitudinal case, it is given by ÁA max ðÞ % 3Að0; Þ [25] . The resulting SðBÞ thus reflects the magnetic alignment of the rods and does not depend on the rod concentration or the wavelength used. Figure 2 (c) shows the resulting SðBÞ for several samples. In all cases, S > 0, indicating rods aligning parallel to the field. S increases quadratically with B with a maximum (at 32 T) that is sample dependent [see results in Table I , which illustrates the internal consistency of our optical method [15] . We conclude that the magnetic moment linearly increases with B up to 32 T, without hysteresis, indicative of a dia-or paramagnetic moment.
The symbols in Fig. 3(a) summarize the experimental results, revealing a maximum order parameter [S (32 T)] that increases with the rod volume. Since S (32 T) / Á V V [right axis of Fig. 3(a) ], we can use these results to obtain Á V as a function of V [symbols in Fig. 3(b) ] and AR [symbols in Fig. 3(c) ]. We find Á V values of the order of 10 À6 À 10 À7 and Á V increases with decreasing V and increasing AR.
In a first attempt to describe these results, we assume that the magnetic susceptibility ( V ) of the rods is uniform and that the magnetic alignment is merely caused by shape demagnetization effects. In the case of j V j ( 1, Á V is given by [15] 
with D ? and D k , the demagnetization factors perpendicular and parallel to the rod axis, respectively, and m the susceptibility of the medium ( m ¼ À8:8 Â 10 À6 for water [23] ). Taking the demagnetization factors for ellipsoids [26] and inserting the bulk Au susceptibility ( V ¼ Au ¼ À3:4 Â 10 À5 [23]), we find a Á V value of about 10 À10 , which is 3 orders of magnitude too small compared to the data [dash-dotted green lines in Figs. 3(b) and 3(c) ]. This result strongly suggests that the magnetic susceptibility of Au NPs is drastically enhanced over the bulk value. To test this hypothesis, we have measured V of a high concentration (185 nM) nanorods of sample H (largest V and S), dispersed into a polyvinyl alcohol matrix, by a SQUID magnetometer experiment. Figure 4 shows the background-corrected [15] magnetic moment per rod m rod as a function of magnetic field and temperature. m rod ðBÞ was found to be independent of temperature (between 5 and 300 K) and linear with B, with a negative slope, showing no trace of saturation, demonstrating that the rods are diamagnetic with a magnetic susceptibility of V ¼ ðÀ4:9 AE 1:2Þ Â 10 À4 , i.e., 14ðAE4Þ Â Au . The outcome of the SQUID experiment demonstrates that the enhanced magnetism is not due to any paramagnetic impurities in the sample. Most importantly, it proves that the overall (bulk) magnetic susceptibility of sample H is enhanced over Au by more than 1 order of magnitude. Inserting this enhanced V value in Eq. (3) indeed leads to a Á V ¼ Á SQUID value for sample H that is consistent with the outcome of the magnetic alignment experiment (solid blue curves in Fig. 3 ). The enhanced magnetism of sample H is, therefore, a bulk effect and not the result of Au surface states [27, 28] or other geometrical effects [14, 29, 30] . It should be noted, however, that Eq. (3) underestimates the strong V and AR dependencies of the Á V data [solid blue curves in Figs. 3(b) and 3(c) ]. Finally, the SQUID experiment rules out that the alignment is due to the intrinsic anisotropy of the magnetic susceptibility of the CTAB capping molecules [31] because in that case Á V / V [15, 25, 32, 33] . We have verified that solutions with varying CTAB concentrations (from 0.3 to 11.6 mM) but the same Au cores lead to identical LB signals [15] . Even the highest CTAB concentration is too low to form a liquid crystalline phase that could be magnetically aligned [17, 31] . Furthermore, samples I and J P , which are identical and have only different capping molecules, show a very similar LD signal (not shown) [15] . The relative insensitivity of the signal to the capping molecules and the SQUID results, therefore, prove that the degree of alignment is predominantly due to the Au cores.
To understand the enhanced magnetism of the Au nanorods, we first discuss sample H, of which we have a full set of experimental data. It exhibits an anomalous temperature-independent, diamagnetic response ( Fig. 4) , which is compatible with the magnetic alignment signal that does not show any hysteresis and saturation, even at 32 T (Fig. 3) . The dimensions of these nanorods are much larger than the particles for which para-or ferromagnetism have been observed (typically smaller than 5 nm). Furthermore, most ferro-and paramagnetic NPs are capped by strongly interacting molecules, such as thiols, binding with strong Au-S bonds, leading to a reduction of the free electron density and eventually to the disappearance of the SPR [6] . In our case, both CTAB and (thiolated) mPEG-SH cappings left the electronic surface properties unchanged (reduction in free electron density <1% [15] ) and resulted in a similar magnetic response. This rules out most of the previous suggested mechanisms, involving Au-ligand interactions, to explain the enhanced diamagnetism observed here. Therefore, we believe the enhanced diamagnetism to be of orbital nature [2, 11] .
The dimensions of the sample H nanorods (W ¼ 31 nm, L ¼ 73 nm) are comparable to the room temperature elastic mean free path l e ($ 60 nm [23, 24] ) and thermal length L T ¼ @v f =k B T ($ 10 nm) of bulk Au (@ is Planck's constant, v f is the electron Fermi velocity) and much smaller than the low temperature (5 K) l e and L T . The temperature-independent V measured by SQUID thus strongly suggest that even sample H rods (our largest) are in the mesoscopic (R < L T ) and ballistic (R < l e ) regimes up to room temperature, where R ¼ V 1=3 is the characteristic size of the rods. Mesoscopic fluctuations of the orbital magnetic susceptibility of finite size metallic systems can be very large and have been the subject of quite intensive theoretical investigations [14, 30] . For an individual metallic nanostructure, the magnetic susceptibility can oscillate between negative and positive values, as a function of k F R (k F is the Fermi wave vector), exhibiting very large values of up to 100 times the Landau susceptibility of a bulk free electron gas. For an ensemble consisting of nonidentical nanosystems, as we consider here, where the variations in k F R are large ( > 10%), these oscillations disappear, but the susceptibility does not average out to zero. The remaining ensemble susceptibility V can still be substantial and is typically paramagnetic, both in the diffusive [30] and the ballistic [14] regimes. Experimental evidence for this enhanced paramagnetic susceptibility has been found for micrometer sized GaAs squares [34] . It is, therefore, likely that orbital magnetism in high quality single-crystalline metallic nanoparticles can be quite significant, although a full calculation is not available in literature. Such a calculation should include several new ingredients to explain our results. First of all, it should take into account spin-orbit coupling, which is known to be strong in Au [35, 36] and FIG. 4 (color online). Magnetic moment per rod versus magnetic field at 300 K; a linear slope is visible. The data points and error bars are experimentally background-corrected values [15] . Similarly, the inset shows the magnetic moment m rod at 2 T versus temperature. The field dependence was measured four times, which resulted in an average susceptibility of V ¼ ðÀ4:9 AE 1:2Þ Â 10 À4 . which may result in a change of sign of the orbital magnetism (from para-to diamagnetic) analogous to the change of sign of the magnetoconductance under the influence of spin-orbit coupling [37] . Second, the possible effects of surface states should be taken into account [27, 28] , especially when considering smaller NPs. Third, the actual geometry of the nanoparticles plays an important role in their final orbital magnetism because of the contributions of the different electron trajectories, which can be either regular or chaotic [14, 29, 30, 38] . Most probably, the latter two points are crucial in order to understand the increasing value of Á V with decreasing volume and increasing aspect ratio, because for those samples the surface/volume ratio increases [dashed black line in Fig. 3(b) ].
In conclusion, we have observed a giant magnetic susceptibility of Au nanorods in solution using an optically detected magnetic alignment technique. We speculate that this enhanced magnetism results from orbital magnetism of the free electrons in the Au core. We anticipate that singlecrystalline metal NPs provide a versatile experimental system to better understand mesoscopic fluctuations in the orbital magnetic susceptibility of confined electron systems in different quantum transport regimes.
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